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ABSTRACT 

High-field, high-frequency electron paramagnetic resonance (EPR) spectroscopy at W- 

(~95 GHz) and D-band (~140 GHz) is important for investigating the conformational dynamics 

of flexible biological macromolecules because this frequency range has increased spectral 

sensitivity to nitroxide motion over the 100 ps to 2 ns regime. However, low concentration 

sensitivity remains a roadblock for studying aqueous samples at high magnetic fields. Here, we 

examine the sensitivity of a non-resonant thin-layer cylindrical sample holder, coupled to a 

quasi-optical induction-mode W-band EPR spectrometer (HiPER), for continuous wave (CW) 

EPR analyses of: (i) the aqueous nitroxide standard, TEMPO; (ii) the unstructured to -helical 

transition of a model IDP protein; and (iii) the base-stacking transition in a kink-turn motif of a 

large 232 nt RNA. For sample volumes of ~50 L, concentration sensitivities of 2-20 µM were 

achieved, representing a ~10-fold enhancement compared to a cylindrical TE011 resonator on a 

commercial Bruker W-band spectrometer. These results therefore highlight the sensitivity of the 

thin-layer sample holders employed in HiPER for spin-labeling studies of biological 

macromolecules at high fields, where applications can extend to other systems that are facilitated 

by the modest sample volumes and ease of sample loading and geometry. 

mailto:fanucci@chem.ufl.edu
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1. Introduction 

Structure and structure-function relationships of macromolecules are areas of intense EPR 

effort [1-16]. Coupled with site-directed spin-labeling (SDSL), EPR is oftentimes used to 

characterize protein and nucleic acid structures and dynamics, conformational changes, molecule 

folding, macromolecule complexes, and oligomeric structures [1-15, 17]. The majority of 

biomolecules do not contain unpaired electrons from which one can obtain an EPR signal; 

therefore, spin-labeling approaches have been developed [15, 18-25] where site-specific 

persistent radicals or paramagnetic metal-probes are incorporated at specific locations within a 

biomolecule. Properties of the EPR spectra that originate from these probes, positioned at well-

defined vantage points, provide structural and dynamic constraints. High-field EPR approaches 

offer the possibility of increased signal sensitivity and information content, thus potentially 

extending the scope of research aimed at biological macromolecules.  High fields increase EPR 

sensitivity and broaden its practice through improved g-factor resolution for extracting 

biophysical constraints, which include topics such as dynamics of molecular motion, local 

polarity and hydrogen bonding, relative orientation information, and membrane ordering [26-33]. 

Moreover, multi-frequency EPR is especially powerful for describing complex local biophysical 

dynamics [34-36]. 

With regards to applications in studying macromolecular conformational dynamics and 

flexibility, the increased Larmor frequency of high-field EPR allows for a  

“shift” in the motional averaging timescale towards fast motion. Traditionally, X-band (9.5 GHz) 

EPR spectroscopy has been utilized for SDSL investigations of biological macromolecules. At 

W-band (~94 GHz), the sensitivity to intermediate motion shifts to a time regime of faster 

motion with smaller correlation times, which affords increased spectral sensitivity to motions 

that appear in the “fast-motion” limit at X-band. Examples of nitroxide spin-labeled molecules 
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falling into a fast motion regime (i.e. correlation times < 2 ns) include small peptides/proteins, 

small nucleic acids, unstructured proteins/protein segments, and backbone/nucleobase labeling of 

RNAs [37-42]. For these biological systems, it is oftentimes challenging to extract dynamic 

parameters from the subtle differences of the narrow line shapes of CW EPR spectra at X-band. 

Consequently, in this time regime, molecular motion nearly completely averages the g-tensor and 

hyperfine-tensor anisotropy.  The resulting narrow line shapes show only slight changes in 

empirical mobility parameters, such as the central line width (∆Ho) and the inverse of the second 

moment (<H
2
>

-1
).  Alternatively, high-field EPR spectra obtained at W-band provide  “sweet-

spots” with enhanced line shape sensitivity for motions with correlation times ranging over 0.1 – 

2 ns [43]. 

A prime example of X-band EPR studies that fall within this “fast-motion” regime is the 

characterization of dynamics of intrinsically disordered proteins (IDPs) [37].  IDPs are described 

as proteins or protein segments that lack a well-defined secondary or tertiary structure [44-48]. 

IDPs often exist in different structural states in vivo, from disordered to fully structured; and 

carry out their function either through a structural transition between different states or through 

their disordered flexible structure. IDPs oftentimes play key roles in cellular activity, such as 

transcription and translation regulation, signal transduction, post-translation modification, 

cellular transport, and protein assembly [45, 49]. Structural and dynamic investigation of IDPs is 

of particular interest to elucidate their structure-function relationships.   

Concentration sensitivity is a challenge for high-field EPR studies of biologically relevant 

samples in non-frozen aqueous solutions. This stems primarily from the shorter wavelengths 

associated with the higher microwave frequencies. First and foremost, if using a resonator, both 

the dimensions of the resonant structure and the corresponding active volume associated with the 

microwave B1-field maximum (E-field minimum) shrink appreciably at high fields. This is 

particularly important for studies of aqueous samples because of the need to minimize dielectric 

losses in the solution due to interaction with the electric (E-field) component of the microwaves. 

For a typical enclosed cavity, this usually requires shrinking the sample holder in at least two 

dimensions. At X-band (wavelength = 3.3 cm), capillaries with ~1 mm inner diameter (I.D.) 

have an active volume in the 3-10 L range, whereas capillaries of 0.1-0.2 mm I.D. present a 

volume of only ~0.1 µL in a typical Bruker W-band (wavelength = 3.3 mm) cylindrical cavity. 
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This reduction in sample volume oftentimes results in decreased concentration sensitivity at W-

band, relative to X-band, even though the absolute spin sensitivity is enhanced due to increased 

magnetization at high field. Even when using a quasi-optical approach with no resonator, as in 

the present study, or even with a Fabry-Pérot resonator [50], the reduction in penetration depth 

with increasing frequency also results in an unavoidable decrease in active sample volume. 

Moreover, broader spectral lines typically observed for nitroxides at high fields lead to further 

reductions in overall sensitivity. Therefore, concentration sensitivity remains a major problem 

for CW EPR studies at high fields, with technological challenges limiting widespread 

applications.  

A recently developed quasi-optical 94 GHz EPR spectrometer (HiPER) provides exceptional 

sensitivity and time resolution [51, 52]. For instance, it has demonstrated ~1 µM concentration 

sensitivity for pulsed dipolar EPR, or DEER (Double Electron-Electron Resonance), owing to its 

unique quasi-optical inductive-mode design that gives exceptional cross-polar isolation, its high 

power (kilowatt), high instantaneous bandwidth pulses, and the possibility to use non-resonant 

sample holders of large volume [52].  

The present study examines the concentration sensitivity of several newly developed non-

resonant thin-layer cylindrical sample holders, designed specifically for low-power CW EPR 

studies of aqueous samples using HiPER. We first assess the sensitivities of these holders using 

the radical TEMPO as a standard. We then evaluate the performance of an optimized sample 

holder, with a ~50 L sample volume, by collecting W-band EPR spectra reflective of the 

unstructured to helical transition of an intrinsically disordered protein IA3. We also demonstrate a 

second application involving characterization of the base dynamics in large RNAs. A ~10-fold 

enhancement in concentration sensitivity is achieved using these thin-layer sample holders with 

HiPER compared to a TE011 cylindrical cavity on a commercial Bruker W-band spectrometer. 

This study therefore highlights the advantages of using non-resonant induction mode sample 

holders for EPR studies of low concentration aqueous solutions at high magnetic fields, and their 

application to fast-motion biological samples. 
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2. Materials and Methods 

2. 1. Materials 

3-(2-iodoacetamido)-PROXYL (IAP) spin labels and 2,2,6,6-Tetramethyl-1-piperidinyloxy 

(TEMPO) were purchased from Sigma Aldrich (St. Louis, MO). TEMPO solutions for EPR 

measurements were prepared in autoclaved deionized water (Barnstead NANOpure, CA). The 

primers for site-directed mutagenesis were purchased from Integrated DNA Technologies 

(Coralville, IA). E. coli codon-optimized DNA fragment for encoding the inhibitor (IA3) of yeast 

proteinase A (YprA) was purchased from DNA2.0 (Menlo Park, CA) and the corresponding 

protein sequence is shown in supplementary materials. Cysteine was introduced to Glu-10 via 

site-directed mutagenesis by using polymerase chain reaction (PCR) with the assistance of the 

custom designed primers. The IA3 gene contained 8 additional codons which could be translated 

into two linking amino acids leucine and glutamic acid (LE) and a 6xHis-tag. The gene was then 

cloned into the pET-22b vector by two restriction enzyme digestion sites. The DNA sequence of 

IA3 in this article was confirmed with Sanger sequencing in the Interdisciplinary Center for 

Biotechnology Research in the University of Florida. BL21 (DE3) PlysS cells were purchased 

from Invitrogen (Carlsbad, CA). Synthetic RNA fragments containing 4-thiouridine modified 

nucleobases were purchased from Dharmacon (Pittsburgh, PA). 0.15 mm inner diameter quartz 

capillary tubes for W-band Bruker EPR measurements were purchased from VitroCom 

(Mountain Lakes, NJ). All other reagents were purchased from Fisher Scientific (Pittsburgh, PA) 

unless otherwise indicated.  

 

2.2. IA3 Protein Expression and Purification 

Protein expression, purification and spin-labeling of the E10C IA3 construct proceeded as 

described previously [37, 43]. Briefly, protein expression was induced by Isopropyl-β-D-

thiogalactopyranoside (IPTG); which was optimized by pilot expression and monitoring the 

intensity of the target protein band intensity in sodium dodecyl sulfate (SDS) polyacrylamide gel 

electrophoresis (PAGE). Afterwards, the cell lysate was boiled in water and centrifuged to 

remove precipitants. The soluble supernatant was loaded into the nickel affinity column (GE 
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Healthcare Life Sciences, Pittsburgh, PA) for further purifications. The residual nickel ion from 

the column was removed by buffer exchange with the addition of EDTA (1 mM final 

concentration). Finally, cysteine reduction was ensured by addition of dithiothreitol (DTT, 10 

mM final concentration) for overnight reaction at 4 C. 

 

2.3. Spin-Labeled IA3 Sample Preparation  

DTT was removed from the E10C IA3 sample by buffer exchange into phosphate buffer (50 mM 

sodium phosphate, 300 mM sodium chloride and pH 7.4) by using a HiPrep 26/10 desalting 

column (GE Healthcare Life Sciences, Pittsburgh, PA). Firstly, IAP spin label was dissolved in 

ethanol, then was added to the protein solution with 10:1 molar ratio and allowed to react 

overnight. Excess spin label was removed by buffer exchange with the same desalting column 

and phosphate buffer as described above. If necessary, spin-labeled protein samples were 

concentrated to a final concentration by using a Millipore 5,000 MWCO filter operated under gas 

pressure.  Each individual sample contained a final volume of 1000 μL, which included 600 μL 

protein sample in phosphate buffer (50 mM sodium phosphate, 300 mM sodium chloride and pH 

7.4) and corresponding volume of TFE and de-ionized water to keep all samples at equal ionic 

strength and pH.  

 

2.4. RNA Sample Preparation 

The 232 nt spin labeled Vibrio cholerae (VC) glycine riboswitch RNA was produced utilizing 

our previously published protocol that employs optimized splinted ligation with T4 DNA 

ligase[53, 54]. Briefly described here, a short (20 nt) synthetic RNA fragment with a site specific 

4-thiouridine modified nucleobase was purchased and deprotected according to the vendor’s 

instructions. Spin labeling of the synthetic RNA fragment with IAP was performed in accordance 

with a previously published protocol [55].  IAP was dissolved in 83% (100 mM) sodium 

phosphate buffer (pH 8), 7% ethanol, 10% dimethylformamide and then added in excess to the 

deprotected synthetic RNA fragment in a 1:200 mole ratio and incubated in the dark, at room 

temperature, for 24 hours, and with constant rotation. After  phenol/choroform/isoamyl alcohol 

(PCA) (25:24:1 mixture, pH 6.7/8.0) extraction and ethanol precipitation, the spin labeled RNA 

fragment was ligated to the remaining 212 nt riboswitch RNA sequence, which was generated 

via in vitro  transcription using T7 RNA polymerase. All details regarding transcription and 
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ligation procedures were followed as described previously [53, 54]. The full length 232 nt, 

ligated, spin labeled, RNA was purified from unligated product via 6% denaturing 

polyacrylamide gel electrophoresis and was electroeluted overnight in Tris-EDTA (TE) buffer at 

4°C, using 150 V, for 12-16 hours. After PCA extraction and ethanol precipitation, the final 

purified RNA was dissolved in water. Two 60 µM RNA samples were prepared and loaded into 

sample holder H2 (50 L holder): RNA in water alone, and RNA with 100 mM KCl, 5 mM 

MgCl2, and 5 mM glycine.   

 

 

 

2.5. EPR Measurements 

High-field EPR experiments were carried out on HiPER [52] and a Bruker E680 W-band 

spectrometer (Billerica, MA) at the National High Magnetic Field Laboratory (NHMFL) in 

Tallahassee, Florida. The architecture of the HiPER spectrometer is already published  and partly 

described in the supplementary materials in Figure S1. Quasi-optical CW measurements were 

performed on HiPER [51, 52] using non-resonant induction-mode thin-layer sample holders 

(described in the following sections) in which the EPR signal is detected in the polarization 

orthogonal to the incident microwaves [the incoming linearly polarized state may be thought of 

as a superposition of counter-rotating circularly polarized signals, only one of which interacts 

resonantly with the sample, thereby generating an elliptical state with an orthogonal linear 

component]. The sample temperature was regulated using a CF1200 helium flow cryostat 

(Oxford Instruments, UK). For all HiPER experiments, the variable attenuator was set to 0 dB, 

giving a maximum source power of ~250 mW at 94 GHz. We estimate about 3 dB of loss from 

waveguide components and a further 3 dB of loss from the optics, giving an estimated power of 

~50-80 mW at the sample. No spectral saturation was apparent with this set up. Spectra were 

collected with 800 Hz modulation frequency, 1-4 Gauss (G) modulation amplitude, and 150-

200 G scan range, with other parameters that were optimized for each sample.  

CW EPR measurements on the Bruker E680 spectrometer were conducted with a Bruker 

cylindrical TE011 cavity (Billerica, MA). Samples were loaded in 0.15 mm I.D. thin quartz 

capillary tubes before inserting into the cylindrical cavity. Spectra were measured with 1 kHz 
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modulation frequency, 1-2 G modulation amplitude, and 150-200 G scan range. Signal-to-noise 

ratio (SNR) of a spectrum is defined by peak-to-peak intensity vs. 2 x standard deviations of the 

background. Spectral simulations to obtain motional correlation times were performed using 

EasySpin software [56] and details of the fitting are given in the Supporting Information. 

 

2.6. Induction-Mode Thin-Layer Sample Holders 

Several cylindrical Rexolite® (cross-linked polystyrene, C-Lec Plastics, Inc., Philadelphia, PA) 

sample holders of 50 mm outer diameter (O.D.) were designed and tested for signal sensitivity 

(Figure 1). These sample holders occupy the full 50 mm I.D. of the corrugated HE11/HE12 mode 

waveguide that feedsmicrowaves to/from the magnetic field (B0) center, and are supported by a 

57 mm O.D. brass holder positioned at the end of the waveguide.  The sample occupies a shallow 

machined cylindrical recess within the Rexolite® base, and is protected by a Rexolite® cap that 

covers the recess (Figure 1); four separate holders were fabricated with sample spaces of varying 

depth and diameter (Table 1). The Rexolite® caps and bases were polished to be optically 

transparent in order to reduce surface roughness. A 1 mm thick aluminum mirror, mounted on a 

Tufset (Tufnol Composites Ltd., UK) polyurethane support, is positioned immediately 

underneath the Rexolite® base in order to reflect microwaves back through the sample to the 

receiver. To first order, the HE waveguide mode can be approximated as a freely propagating, 

plane-parallel Gaussian beam with incident and reflected wavevectors normal to the plane of the 

thin sample. Accordingly, the perpendicular distance (1.005 mm) between the center of the 

sample and the mirror is designed to be half a wavelength at 94 GHz within the Rexolite® 

material (refractive index of 1.59), thereby ensuring that the sample sits within the maximum of 

the oscillating magnetic (B1-field) component of the microwave radiation, while also minimizing 

interaction with the electric component (Figure S2 and S3). Likewise, the Rexolite® cap has 

been machined to a thickness of 1.507 mm (3/4 of the wavelength) in order to minimize 

reflections and maximize transmission to the aqueous sample. The holders were fabricated in-

house by the NHMFL machine shop. 
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Figure 1. (A) Schematic diagram of the HiPER thin-layer sample holder (See details in section 

2.6.). (B) Closer view of the thin-layer recessed sample space of the holder H2.   

Table 1. Comparison of thin-layer sample holder dimensions and sample volumes. 

Holder Type H1 H2 H3 H4 

Depth (mm) 0.5 ± 0.005 0.17 ± 0.005 0.17 ± 0.005 0.085 ± 0.005 

Diameter (mm) 40 ± 0.005 20 ± 0.005 15 ± 0.005 20 ± 0.005 

Volume (µL) 628 ± 6 53 ± 2 30 ± 1 27 ± 1 

 

3. Results 

3.1. Concentration Sensitivity of Induction-Mode Thin-Layer Sample Holders 

One of the many advantages of the non-resonant quasi-optical approach is a reduced constraint 

on sample volume in comparison to cavity-based spectrometers (Fabry-Pérot resonators are an 

exception that we discuss later). Although there is an obvious tradeoff in microwave B1-field, 

one can often compensate for this by increasing the sample volume, thereby achieving overall 

gains in concentration sensitivity. The plane-wave nature of the HE-mode means that it is only in 

the direction parallel to microwave propagation that the phases of the E- and B1-fields vary over 

A

B

20 mm

Depth: 0.17 mm

50 mm

1.09 mm

Corrugated Waveguide

Rexolite®  Cap
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Bottom Support with 

a Mirror on the Top

Groove for 

Modulation Coil

50 mm
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length scales set either by the wavelength (low-loss media) or penetration depth (lossy media). 

By contrast, these fields vary strongly in at least two dimensions in a cylindrical TE011 cavity; 

hence the far tighter volume constraint for aqueous (lossy) samples. We therefore set out to 

examine the sensitivity of four different holders with varying sample dimensions using a series 

of TEMPO solutions with concentrations in the 2-200 M range. All spectra in Figure 2A were 

obtained with 1 G modulation amplitude, a 100 millisecond time constant, over a 150 G sweep 

range (75 seconds per spectrum). 

With a view to maximizing concentration sensitivity, a first holder (H1) was designed for a large 

sample volume having a thickness of 0.5 mm, which is about twice the room temperature 

penetration depth in water at 94 GHz (~0.25 mm); likewise, a diameter of 40 mm was chosen to 

span most of the waveguide cross section. Representative TEMPO spectra are displayed in 

Figure 2A, with the SNR determined for each spectrum plotted versus concentration in Figure S4. 

Although excellent sensitivity is demonstrated with holder H1, its large volume (628 L) 

presents challenges for many biological studies where the amount of sample is typically limited. 

The key to obtaining a strong inductive mode EPR signal involves simultaneously maximizing 

the resonant interaction with the magnetic (B1) component of the microwave field within the 

sample, whilst minimizing dielectric losses due to the non-resonant interaction with the electric 

component. Holder H1 performs well in terms of the former, but not the latter. The resultant 

decay of the microwave B1-field within the relatively thick sample therefore means that it is 

mostly spins near the top surface that contribute to the reflected cross-polar EPR signal. In other 

words, much of the volume employed in holder H1 is redundant. 
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Figure 2. (A) Absorption area normalized EPR spectra of TEMPO solutions using different thin-

layer sample holders. Spectra are vertically offset for clarity. Spectra were collected using 150 

Gauss sweep width, 1 Gauss modulation-amplitude, 100 millisecond time constant, and 1 

average at room temperature (75 second scans). SNRs are marked in the upper-right corners of 

the spectra. (B) Spectra of 2 µM and 5 µM TEMPO using sample holder H2. Both spectra were 

collected using 150 Gauss sweep width, 2 Gauss modulation-amplitude, 1 second time constant, 

and 6 averages (13 minute scans) at room temperature. (C) Spectra of 100 µM TEMPO using 

holder H2 on HiPER and a TE011 cylindrical cavity on a Bruker E680 spectrometer.  Comparable 

parameters were chosen as follows: (i) HiPER holder H2: 1 Gauss modulation amplitude, 100 

millisecond time constant, 100 millisecond conversion time, 150 Gauss sweep width, and one 

scan (75 seconds); (ii) TE011 cylindrical cavity: 1 Gauss modulation amplitude, 80 millisecond 

time constant, 80 millisecond conversion time, 150 Gauss sweep width, and one scan (82 

seconds). Note: slightly different time constants were used for the two spectrometers because of 

the different setups of their lock-in amplifiers. 

In light of the above, a second holder H2 was fabricated of reduced thickness and diameter, in an 

attempt to minimize the sample volume without significantly compromising sensitivity. 

Reducing the sample thickness increases the transmitted signal, thereby increasing the 

importance of the aluminum mirror below the sample (this mirror was almost redundant in the 

case of H1 due to strong microwave attenuation within the sample). When positioned correctly 

(Figure S2 and S3), the resultant standing wave significantly reduces the electric field within the 

sample, in turn decreasing the dielectric losses. This problem can be optimized in silico on the 
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basis of a transmission line model, using transfer matrices that consider the dielectric properties 

of all different components/interfaces within the holder, as well as the small permeability 

changes in the sample on resonance (for one circular polarization). This modeling approach is 

similar to that described by Earle et al. in [57]. The sample is assumed to have a complex 

permittivity appropriate to water at 94 GHz ( = 8.057, ' = 13.66) [50], and a complex 

permeability that is different for the two circular polarization states. The model then computes 

the reflected cross-polar amplitude in which the EPR signal is encoded.  

On this basis, a sample thickness of 0.17 mm was estimated to give the maximum EPR intensity. 

To be noted, this value is larger than the reported 0.025 mm aqueous sample thickness at 95 GHz 

using a Febry-Perot resonator [58]. This is due to the lower finesse (lower Q) of the sample 

holders used here than the Febry-Perot resonator, which is more sensitive to dielectric losses in 

the sample and requires smaller optimal sample thickness. Meanwhile, consideration of the 

approximately Gaussian microwave beam profile transverse to the propagation direction reveals 

that most of the EPR signal (integral of the B1 field over the sample volume) [59] originates from 

a cylindrical region at the center of the waveguide having a 15-20 mm diameter (beyond which 

B1 falls below 1/e of its maximum). Consequently, holder H2 was fabricated with a thickness of 

0.17 mm and a diameter of 20 mm, giving a sample volume of 53 L. Remarkably, the SNRs 

obtained for this holder at each concentration are virtually identical to those of H1 (Figures 2A 

and S3), demonstrating a dramatic gain in absolute sensitivity and the same concentration 

sensitivity with < 10% of the sample volume. 

In order to further validate our approach and to assess the consequences of a further reduction in 

sample volume, two additional holders were fabricated with roughly half the volume of H2. Here, 

we wanted to examine the performance of smaller volume holders for cases where biological 

samples were limited.  In one holder (H3), the diameter was reduced to 15 mm whilst 

maintaining the 0.17 mm thickness, giving a volume of ~30 L. Meanwhile, the thickness of 

holder H4 was reduced by a factor of two (to 0.085 mm), whilst maintaining the same 20 mm 

diameter as H2, giving a volume of ~27 L. As can be seen from Figures 2A and S3, quite 

dramatic reductions (more than a factor of two in both cases) in SNRs are observed relative to 

H2 at all concentrations. These measurements therefore confirm the results of the transmission 

line model calculations and demonstrate that holder H2 provides the optimum compromise 
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between sample volume and concentration sensitivity. The limits of this sensitivity are further 

demonstrated in Figure 2B, which displays results for lower concentration samples, where 5 µM 

and 2 µM TEMPO were utilized with increased signal averaging compared to Figure 2A (see 

caption). A SNR of 64:1 was achieved for the former, whereas a SNR of 24:1 was obtained for 

the 2 µM sample. Holder H2 thus provides a convenient geometry and exceptional concentration 

sensitivity, and was therefore subsequently utilized to assess the overall performance of 

induction-mode thin-layer sample holders for studies of spin-labeled biological macromolecular 

samples. 

Enhancements in concentration sensitivity relative to the Bruker TE011 cylindrical resonator on a 

commercial E680 spectrometer were demonstrated by collecting spectra under comparable 

conditions for 100 M TEMPO (Figure 2C).  Results demonstrate a ~9-fold SNR improvement 

for sample holder H2. In other words, significant gains in concentration sensitivity can be 

achieved for aqueous solution samples by using thin-layer induction mode sample holders. 

3.2. Structural Transitions in Intrinsically Disordered Proteins  

In order to evaluate the sensitivity of the thin-layer sample holder H2 for SDSL applications of 

IDPs, EPR spectra of spin-labeled (SL) IA3 were collected. IA3 is a 68 amino acid protein that is 

unstructured in solution and is a potent inhibitor of yeast aspartic proteinase A (YPRA) [60]. IA3 

undergoes an unstructured to α-helical conformation transition upon binding to YPRA, or in the 

presence of a high content of TFE in the solution [61]. To obtain an EPR signal, residue E10 at 

the N-termini of IA3 was mutated to cysteine and subsequently labeled with an IAP spin label 

(P1). Figure 3A shows EPR spectra of SL-IA3 at spin concentrations varying from 20 µM to 200 

µM, with 0% and 30% TFE to represent the unstructured and α-helical conformation, 

respectively. All spectra were collected at 300 K by averaging 6 scans over a 200 G sweep range 

(13 minutes per scan). The magnetic field modulation amplitude was set to 2 G, and a lock-in 

amplifier with a time constant of 1 second was used in the demodulation of the EPR resonant 

signal. 
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Figure 3. Intensity normalized W-band spectra of SL-IA3 at site E10P1. (A) Spectra are 

vertically offset showing how values of the SNR change as a function of concentration with 0% 

and 30% TFE at 300 K. Spectra were collected using sample holder H2 with 200 G sweep width, 

2 G modulation-amplitude, 1 second time constant and 6 averages (13 minute scans). The 

spectral line shape and rotational correlation time changes for the 0% and 30% TFE states are 

consistent with an unstructured to helical transition (simulated spectra are given in Supporting 

Information). (B) Comparison of concentration sensitivity of the H2 holder on HiPER and a 

TE011 cylindrical cavity on a Bruker E680 spectrometer. Spectra are acquired for a 100 M 

sample. Comparable spectral parameters were utilized as follows: (1) HiPER holder H2: 2 G 

modulation amplitude, 1 second time constant, 1 second conversion time, 200 G sweep width, 

and one scan (17 minutes). TE011 cylindrical cavity: 2 G modulation amplitude, 1.3 second time 

constant, 1.3 second conversion time, 200 G sweep width, and one scan (22 minutes). Note: 

slightly different time constants were used for the two spectrometers because of the different  

setups of their lock-in amplifiers.  

For SL-IA3 concentrations in the 100 to 200 µM range in 0% and 30% TFE, SNR values ranging 

from ~ 90:1 to 240:1 were obtained. Even for concentrations as low as 20 µM in 30% TFE, SNR 

values of 19:1 or higher were achieved (Figures 3A and S5).  In the 30% TFE solution, IA3 

becomes helical, and due to the ordered helical backbone restricting the spin-label motion an 

increase in the spectral correlation time increases from 0.3 ns in the unfolded state to 0.6 ns in 

the folded state is observed. Corresponding spectral simulations are included in Figure S7, where 

the slower motion is reflected in a broadening of the spectra, consistent with our previous X-

band investigations [37, 43]. This spectral broadening impacts overall signal and is reflected in 
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reduced SNR in the 30% TFE samples compared to the 0% TFE samples (Figure 3A). Again, a 

9-fold enhancement in concentration sensitivity for sample holder H2 relative to the Bruker 

TE011 cylindrical resonator on a commercial E680 spectrometer was demonstrated for 100 M 0% 

TFE SL-IA3 (Figures 3B). 

 

3.3. Characterizing Conformational Dynamics in Large RNAs 

There is growing interest in characterizing conformational changes in large RNAs and, as SDSL 

has matured for characterizing RNAs, it is clear that oftentimes the resultant X-band spectra 

reveal relatively fast motion, with correlation times ranging from 0.3 to 3 ns. Meanwhile, small 

RNA molecules have been found to tumble in the fast-motion time regime [9, 53, 62]. Recent 

studies have used SDSL to elucidate structure and dynamics of RNAs in a number of cellular 

pathways [9, 53, 62]. RNAs are notorious for difficulties in sample preparations, including 

instability and low-yield.  Regarding the study of large dynamic RNAs such as riboswitches, 

local regions may undergo conformational changes with local dynamics within this fast motional 

regime. Our previous R5 spin labeling studies of the kink-turn motif in the glycine riboswitch 

(Figure 4A) is one such example [54].  

For preparing spin labeled (SL) glycine riboswitch, we utilize a splinted ligation method that 

routinely generates approximately 360 µg of purified SL-RNA. For EPR investigations, this 

equates to 30 µL of 150 M total sample from each round of ligation; hence, the optimized 

concentration sensitivity of the H2 sample holder is essential for these investigations given that 

concentrating the sample to smaller volumes may result in non-specific aggregation. 

Additionally, radical reduction is oftentimes a challenge when labeling RNA bases. We typically 

observe < 40% spin concentration for a given thiouridyl base labeling; thus further necessitating 

the best concentration sensitivity. Figure 4 shows W-band data obtained with sample holder H2 

for 53 L of 30 M (spin concentration) 232 nt VC glycine riboswitch containing an IAP 

modified thiouridyl base (U2) in the kink-turn region (Figure 4B). When in water only, RNA is 

expected to be unstructured, and W-band spectrum (Figure 4C top and S8) with a SNR value of 

18:1 reveal disorder, with spectral simulation giving a correlation time of 0.4 ns. It has 

previously been shown that, upon addition of salts and ligands, the VC glycine riboswitch folds 
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with formation of the kink turn [53, 54, 63, 64] where, based upon comparisons to X-ray models 

of other k-turn motifs [65, 66], the modified U2-base is expected to become base paired/base 

stacked. Hence, a decrease in dynamics (an increase in correlation time) is anticipated. Indeed, 

markedly broadened spectra are obtained (Figure 4C bottom and S8, S9) in solution conditions 

that promote folding. The data for the folded state has a SNR value of 9:1 and spectral 

simulations indicate an increased correlation time of 1.0 ns. Given that the above experiments 

(Figs 2C and 3B) demonstrated a 9-10 x improvement in the of concentration sensitivity of the 

H2 sample holder on HiPER compared to our commercial Bruker TE011 cylindrical resonator on 

a E680 spectrometer; these data would likely be unobtainable on our commercial system.  

 

 

Figure 4. (A) Secondary structure of the 232 nt VC glycine riboswitch with the kink-turn motif 

boxed in black. (B) Enlarged kink-turn motif structure depicted in the unfolded (top) and folded 

(bottom) states showing IAP on the chosen modified thiouridyl base. (C) Experimental and 

simulated (grey) W-Band spectra for the unfolded (top, black) and folded (bottom, blue) 

riboswitch states with signal to noise ratios for each shown. The arrow indicates features in the 

folded state spectrum that may arise from a small fraction of unfolded RNA (< 1%)  Spectra 

were collected using 200 G sweep width, 1 second time constant, 4 G modulation amplitude, and 

5 (unfolded) and 6 (folded) averages. 

 

 

4. Discussion 

4.1. Sensitivity of HiPER Thin-Layer Sample Holders 
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Despite the many appealing potential applications involving biological macromolecules, the 

development of high-field SDSL EPR has lagged behind its more popular low field X-band 

counterpart. This is due to the many technical challenges associated with the detection of EPR 

signals from aqueous samples at W-band (94 GHz) and above. To design a sample holder at 

these high frequencies, the most common practice is to use a resonator [50, 58, 67]. All other 

things being equal, one would expect significantly enhanced sensitivity at higher fields and 

frequencies on account of the increased sample magnetization ( B0/T). However, the reduction 

in wavelength typically results in smaller resonators and, hence, smaller sample sizes. The 

decreased active volume, coupled with the reduced penetration into aqueous samples and the 

many technical challenges associated with the design of EPR spectrometers operating at high 

microwave frequencies, usually results in an overall reduction in concentration sensitivity when 

compared to X-band. In particular, sample volumes are typically reduced to sub-microliter levels 

at W-band and above. For instance, the commercial W-band Bruker TE011 cylindrical cavity has 

a maximum sample volume of ~0.1 µL, while a typical Fabry-Pérot resonator has an effective 

volume of ~0.5 µL for aqueous samples [58]. Although these resonators offer superior absolute 

spin sensitivity, their concentration sensitivities are much lower than at X-band due to 

dramatically reduced sample volumes. Consequently, the increased concentration requirement 

abrogates effectiveness in terms of studies aimed at biological macromolecules such as IDPs and 

RNAs, given that these molecules are oftentimes hard to concentrate above 20-100 M. 

It is for the aforementioned reasons that we have been motivated to build a sample holder that is 

suitable for studying spin-labeled samples under conditions and concentrations that are 

comparable to the more traditional X-band studies. We recently demonstrated the use of W-band 

frequencies for investigations for IDPs [43]. However, we also showed that adequate SNRs are 

only obtained for IA3 at sample concentrations of order 1 mM, which interfered with our 

attempts to properly determine TFE concentrations [68]. Here, we have shown that concentration 

sensitivities in the 10-100 M range can be achieved using non-resonant holders that are suitable 

for 10-100 L sample volumes. Because both the sample volume and B1 field strength contribute 

to concentration sensitivity, a large volume can compensate for a relatively low B1 field in 

comparison to a resonator operating at the same microwave power level. Moreover, the 

maximum B1 field is often limited in cases where spin saturation effects come into play. In such 
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situations, a low-B1 field, large volume non-resonant sample holder is actually preferable for CW 

EPR studies.    

We conclude this section by considering possibilities for sample volume reduction, whilst 

maintaining or further increasing concentration sensitivity. This obviously requires increases in 

B1 field. The most straightforward approach will be to increase the source power; recent 

advances in W-band technology make this a realistic possibility. Another approach involves 

reducing the waveguide/ beam diameter. This would result in offsetting effects due to an increase 

in B1 and a reduction in the diameter/volume of the useful sample space. Thus, concentration 

sensitivity would not be enhanced. However, this would provide an advantage in terms of 

reduced sample volume. The final strategy involves the design of a Fabry-Pérot resonator with a 

beam waist of comparable diameter to the present sample holder (H2). Although technically 

challenging, this would almost certainly provide opportunities for increasing concentration 

sensitivity and/or reducing the sample volume. 

 

4.2. Idealized Sample Sizes for SDSL 

Our overarching goal for this investigation was to generate sample holders for CW EPR 

investigations targeted at characterizing conformational dynamics in biological systems such as 

IDPs and RNAs, with extensions to studies of membranes and membrane proteins at 94 GHz. 

The results demonstrate the relationships between geometry variables (depth and diameter) and 

concentration sensitivity of the thin cylindrically shaped aqueous films, and that these parameters 

are ultimately dictated by the wavelength of the incident microwave radiation and the 

permittivity of water at 94 GHz. The results further demonstrate the feasibility and facile manner 

of sample loading and sample sizes utilized; typically 30-50 L of 20-50M concentration is 

required for publication quality data that can be collected within minutes to hours for SDSL 

investigations of motion in the sub-ns to 3 ns regime. This improvement in concentration 

sensitivity over the commercial Bruker spectrometer is essential when studying systems that are 

sample limited, concentration limited, or where investigators want to interrogate molecular 

interactions under conditions that mimic concentrations found within cells. It is also noteworthy 
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that the geometric shape of these sample holders should be much more amenable to in-cell EPR 

investigations, where small capillary diameters can induce “stress-like” conditions for cells. 

 

4.3. Application in Multi-Frequency SDSL 

This study highlights the suitability of utilizing thin-layer sample holders in studies aimed at 

characterizing molecular dynamics and structural transitions of biological macromolecules at 

high fields. For instance, CW spectra at W- and D- bands provide an enhanced capability to 

detect sub-nanosecond correlation times [43]. This is particularly suitable for studying IDPs, in 

which the time scale normally falls into the 0.1 to 2 ns region [37, 38, 44-48, 69-72]. 

Furthermore, EPR analyses at multiple frequencies allow one to unravel complex dynamics 

including distinct motional timescales [34-36]. Multi-frequency EPR allows one to combine the 

characterization of dynamics in various motional regimes that are typical for biological systems: 

fast motion detected by very high frequencies and slow motion using lower frequencies. A study 

of phospholamban (PLB) illustrates this point, where global analysis of spectra at two 

frequencies yielded values for  rotational correlation times and order parameters that were much 

more precisely determined than at either frequency alone [34]. Other studies have also 

demonstrated that multi-frequency EPR is an appealing approach to circumvent the low 

resolution at X-band for sub-nanosecond time scales [29, 31, 36, 73].  

However, the low concentration sensitivities of currently available technologies and instruments 

at high-fields have largely prevented the investigation of low-yield biological samples, including 

IDPs. For instance, spin concentrations of a few hundred µM to 1 mM are usually needed to 

obtain satisfactory CW spectra and SNR values for nitroxide-labeled proteins using a 

commercial cylindrical resonator at 94 GHz. This level of concentration is not always feasible 

for biological samples for which protein aggregation is a serious concern at such high 

concentrations. The present study demonstrates that W-band investigations at much lower 

concentrations are feasible. 

 

4.4. Applications to Other Biological Samples 
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Other applications of high-field and multi-frequency EPR will also benefit from the 

concentration sensitivity of HiPER thin-layer sample holders, such as the study of membrane 

biophysics, membrane-protein interactions and membrane proteins. High fields provide 

increased sensitivity to measure the structural parameters of membranes and membrane-

associated proteins, such as fluidity, polarity, orientation and membrane order [26, 27, 30, 31, 74, 

75]. An improved sensitivity of sample holders at high fields will greatly facilitate the unraveling 

of these complex parameters. 

 

5. Conclusions 

The present study examined the concentration sensitivity of thin-layer cylindrical sample holders 

for induction-mode CW EPR studies of aqueous solution samples at 94 GHz, with application to 

SDSL biomolecules. The optimum sample holder has a 53 µL volume in a thin-layer geometry 

with a large surface area. The feasibility of utilizing these sample holders for biological 

applications using the HiPER spectrometer at the NHMFL was demonstrated by inducing 

structural transitions and monitoring concomitant spectral line shape changes of an intrinsically 

disordered protein (IA3) and base stacking that occurs during k-turn formation of a large RNA. A 

concentration sensitivity of 2 µM was achieved for a TEMPO standard and 20-30 µM for the 

biological samples. The results of this study illustrate the potential application for characterizing 

dynamic spin-labeled biological systems, benefiting from the concentration sensitivity of thin-

layer sample holders and enhanced spectral resolution of fast motions at high magnetic fields. 

These applications may be extended to high-field and multi-frequency EPR studies of other 

biological samples. 
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Highlights 

 An EPR holder designing for aqueous samples at high magnetic fields is presented. 

 Concentration sensitivities of 2-20 µM were achieved. 

 Its applications were demonstrated by an IDP protein and an RNA molecule. 

 

  

 


